Localized protein translation is critical in many biological contexts, particularly in highly polarized cells, such as neurons, to regulate gene expression in a spatiotemporal manner. The cytoplasmic polyadenylation element-binding (CPEB) family of RNA-binding proteins has emerged as a key regulator of mRNA transport and local translation required for early embryonic development, synaptic plasticity, and long-term memory (LTM). Drosophila Orb and Orb2 are single members of the CPEB1 and CPEB2 subfamilies of the CPEB proteins, respectively. At present, the identity of the mRNA targets they regulate is not fully known, and the binding specificity of the CPEB2 subfamily is a matter of debate. Using transcriptome-wide UV cross-linking and immunoprecipitation, we define the mRNA-binding sites and targets of Drosophila CPEBs. Both Orb and Orb2 bind linear cytoplasmic polyadenylation element-like sequences in the 3′ UTRs of largely overlapping target mRNAs, with Orb2 potentially having a broader specificity. Both proteins use their RNA-recognition motifs but not the Zinc-finger region for RNA binding. A subset of Orb2 targets is translationally regulated in cultured S2 cells and fly head extracts. Moreover, pan-neuronal RNAi knockdown of these targets suggests that a number of these targets are involved in LTM. Our results provide a comprehensive list of mRNA targets of the two CPEB proteins in Drosophila, thus providing insights into local protein synthesis involved in various biological processes, including LTM.
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CPEB | CLIP | Orb2 | translation | long-term memory L ocal protein translation restricts protein synthesis to specific cellular domains. This mechanism of gene-expression regulation is essential for many biological processes, including the production of gametes (1), animal development (2, 3) , and maintaining tissue polarity in adult organisms (2, 4) . In the nervous system local protein synthesis is critical for the development of highly polarized cells such as neurons (5) and is necessary for dynamic changes in neural architecture in adulthood (6) including those that take place during long-term memory (LTM) formation (7) . The molecular machinery controlling local protein synthesis has been best studied in vertebrate oocyte development during which members of the cytoplasmic polyadenylation element binding (CPEB) protein family, in concert with other RNA-binding proteins, control the temporal expression of maternal RNAs (8, 9) . More recently, CPEB proteins also have been found to be expressed in adult nervous systems (10) (11) (12) (13) where they are thought to be involved in synaptic plasticity and LTM (12, (14) (15) (16) (17) , suggesting evolutionary conservation of the mechanism of local translation across species, tissues, and developmental stages.
The Drosophila melanogaster genome encodes two CPEB proteins, Orb and Orb2, representing two distinct branches of this family: Orb belongs to the CPEB1 branch, and Orb2 is the single representative of the CPEB2 subfamily. Although both proteins play critical and nonredundant roles in germline formation (18, 19) , Orb2 is also essential for nervous system development (13) and is acutely required for LTM (12, 20) , as is Orb (15) . Both proteins contain an unstructured N-terminal poly-glutamine (poly-Q) stretch and a well-conserved C-terminal RNA-binding domain (RBD) consisting of two RNA recognition motifs (RRMs) and a zinc finger (Znf) region (12) . Most CPEB proteins exist in multiple isoforms (11) . Orb2 has two variants, Orb2A and Orb2B (12) , which differ in the composition of the N terminus preceding the poly-Q and share a common RBD (12) . The poly-Q is required exclusively for LTM, whereas the RBD is required for both development and LTM (20) , and its mutations are lethal (12, 13) . Moreover, the RBD of Orb2 can be functionally replaced by the RBD of mouse CPEB2 (mCPEB2) but not by that of Orb or mCPEB1, suggesting the conservation of target specificity within but not between the CPEB subfamilies, at least in regard to their developmental function (20) .
The function of the CPEB proteins is critically dependent on their ability to bind specific mRNA targets. However, our knowledge about their binding specificity remains incomplete. Although the CPEB1/Orb subfamily has a well-established specificity toward the T-rich cytoplasmic polyadenylation element (CPE) sequence (21) , reports about the Orb2 subfamily binding motif are conflicting. In a study involving SELEX (Systematic Evolution of Ligands by Exponential Enrichment), the rodent Orb2 orthologs CPEB3 and CPEB4 (22) were shown to bind stem-loop RNA structures rather
Significance
Local protein synthesis is a highly used mechanism to create functional asymmetries within cells. It underlies diverse biological processes, including the development and function of the nervous and reproductive systems. Cytoplasmic polyadenylation element-binding (CPEB) proteins regulate local translation in early development, synaptic plasticity, and long-term memory. However, their binding specificity is not fully resolved. We used a transcriptome-wide approach and established that Drosophila representatives of two CPEB subfamilies, Orb and Orb2, regulate largely overlapping target mRNAs by binding to CPE-like sequences in their 3′ UTRs, potentially with a shift in specificity for motif variants. Moreover, our data suggest that a subset of these mRNAs is translationally regulated and involved in long-term memory.
than the linear CPE sequence recognized by the CPEB1 paralogue. Other reports suggest that both CPEB1 and CPEB4 recognize and control at least partially overlapping sets of mRNA targets and bind the same motif (23) (24) (25) . Although a small number of fly Orb2 mRNA targets was described (26) , the authors could not identify the bound sequence unambiguously. Thus, the full spectrum of fly CPEB targets is largely unknown, with previous studies characterizing only a limited number of interacting mRNAs (26) (27) (28) . Elucidation of the RNA-binding specificity of Orb2 and the identification of its mRNA targets is essential to understand the role of downstream effectors in local translation-dependent processes, including LTM formation.
In this study we aimed at the transcriptome-wide identification of Orb-and Orb2-binding sites and mRNA targets using crosslinking and immunoprecipitation (CLIP). Through an extensive bioinformatic analysis of the high-throughput sequencing data, we obtained a comprehensive list of mRNA targets regulated by Drosophila CPEB proteins and determined that Orb and Orb2 bind CPE-like sequences but potentially do so with shifted specificity for particular motif subtypes and length. We independently confirmed the requirement for this motif in Orb2-dependent translational repression and showed that a number of candidate Orb2 CLIP targets are translationally regulated in a cell-based assay and in fly head extracts. Finally, knockdown of a subset of the verified Orb2 targets impairs courtship LTM, suggesting the functional significance of these targets in this process in vivo. Our results suggest that both CPEB proteins might function as key regulators of local protein synthesis in a plethora of biological contexts, including LTM, by binding to distinct variants of the CPE motif and regulating a common set of target mRNAs.
Results
CPEB Proteins Bind 3′ UTRs of mRNA Targets Through the RRM but not the Znf. To identify Orb and Orb2 RNA-binding sites and potential mRNA targets on a transcriptome-wide scale, we used UV CLIP (29) . To generate CLIP libraries, we used the D. melanogaster S2 cell expression system (30) in which we expressed WT or mutant forms of fly CPEB proteins. Orb2 mRNA is expressed endogenously in S2 cells [average reads per kilobase of transcript per million reads mapped (RPKM) = 8.5; n = 2], and more than 90% of their transcriptome is detectable (RPKM >1) in the neuronal and gonad tissues, which express CPEB proteins in vivo (SI Analysis) (31) . This expression and the fact that S2 cells allow Orb2-mediated translational suppression (26) suggest that S2 cells constitute a suitable system for investigating the transcriptomewide Orb2-binding profile. Importantly, in S2 cells the overexpressed Orb2A exists in the form of protein clusters, reflecting its endogenous propensity to aggregate (Fig. S1A) . In contrast, the overexpressed Orb2B isoform forms smaller clusters that partially colocalize with the ribonucleoprotein (RNP) markers Trailer hitch (Tral) and Eukaryotic translation initiation factor 4E (eIF4E) (Fig. S1 A and C) , reminiscent of the endogenous Orb2 protein in Drosophila brain in vivo (20) . CPEB aggregates are thought to be associated with their normal function, including LTM, and to be mediated by the poly-Q domain (20, (32) (33) (34) . In comparison, Orb mRNA is not expressed in S2 cells (average RPKM = 0.1; n = 2), although the majority of its known interactors (88%) are present (RPKM >1) (35, 36) . Also, overexpressed Orb forms particles that partially colocalize with RNP markers (Fig. S1 B and C) . Nevertheless, we have generated inducible S2 cell lines for both proteins, with Orb serving as a reference for our approach because its binding specificity is well defined (21, 37) .
Several modifications of the original CLIP protocol (38) confer advantages in sample preparation and postexperimental data analysis. To increase UV cross-linking specificity and to facilitate robust bioinformatic analysis based on diagnostic mutations, we combined the PAR-CLIP (39) and iCLIP (40) protocols, allowing identification of cross-linking sites based on specific mutations and read termination events, respectively. Because efficient UV cross-linking is crucial for CLIP, we first assessed the ability of both Orb and Orb2 proteins to form UVinduced RNA cross-links. We expressed WT and mutated protein variants in S2 cells (30) in the presence of the photoactivatable nucleotide analog 4-thiouridine (4-SU). The proteins were tagged C-terminally with the myc epitope, which does not interfere with their in vivo function (12, 20) . First we investigated whether UV cross-linking is mediated by the RBD. We expressed Orb2A and Orb2B in S2 cells (12, 20) . Both isoforms cross-linked to RNA robustly (Fig. 1A) ; however, we focused on Orb2B because it requires intact RBD for its in vivo function (20) . We generated mutations in the regions outside and within the RBD. Mutations of conserved residues in either of the RRM motifs (Y492/F494 and R601/F604) (20) in the proximal part of RBD abolished binding to control levels. Surprisingly, mutating the conserved cysteines (C669/C672) in the Znf of the RBD, previously implicated in RNA binding in vitro (22) , had only a minor effect. Similarly, deletion of the Orb2 poly-Q region (Δ168-220), shown to be essential for LTM (12) , had no impact on its RNAbinding ability. Analogous results were obtained for the corresponding mutations in the Orb protein, although the RRM1 mutation had a smaller effect (Fig. 1B) . The lower UV cross-linking signal in Orb compared with Orb2 is likely caused by slightly lower Orb overexpression and possibly by intrinsic differences between the proteins, which share only about 40% of RBD homology. Detailed quantification of the RNA cross-linking can be found in Fig. S2A . These data show that modifications of the regions outside the RBD (poly-Q deletion or the substitution of an alternative N-terminal exon) do not influence the robustness of RNA cross-linking, but the RRM sequence (although not the Znf in the RBD) is necessary for efficient RNA binding in both proteins.
To analyze the Orb-and Orb2-bound transcriptome, we performed PAR-CLIP experiments. We generated multiple replicate cDNA libraries from S2 cells expressing C-terminally myc-tagged Orb or Orb2 pretreated with 4-SU to enhance RNA cross-linking specificity (39) or with 6-thioguanosine (6-SG) to control for potential cross-linking bias. cDNA libraries were prepared with α-myc antibodies following an iCLIP protocol (40) . We prepared six Orb2 and three Orb 4-SU cDNA libraries and a single 6-SG library for each genotype. As a negative control, we prepared a library from cells expressing the loss of the RNA-binding mutant protein, Orb2B RRM1&2*-myc. The RNA-protein cross-linking was specific, because additional controls (no UV illumination, no photoactivable nucleotide treatment, and mock precipitation with the α-GFP instead of α-myc antibodies) produced no signal on the autoradiography gel (Fig. S2 B and C) . Details on CLIP sample preparation, sequencing, and analysis can be found in SI Materials and Methods.
As expected from previous studies, the binding sites of Drosophila CPEB proteins (26, 27) are located preferentially in 3′ UTR regions: 22.5% of all Orb2-bound and 37% of all Orbbound reads are located in 3′ UTR regions, although this genomic feature only covers 3.4% of the fly genome (6.6× and 10.8× enrichment, respectively) ( Fig. 2A) . Little binding was shown in intronic regions for either genotype. This finding is not surprising, because CPEB proteins are largely cytoplasmic under normal growth conditions, although they can shuttle to the nucleus (Fig. S1B) .
To identify the potential target genes, we used three complementary methods. First, we used the PARalyzer method (41), which is based on the diagnostic substitutions (T > C or G > A) at cross-link sites stemming from the use of photoactivatable nucleotide analogs (39) . Second, we created an in-house method, NovoCLIP, which incorporates information based both on substitutions and on read termination positions characteristic of iCLIP protocol (40) . Finally, because deletions were reported to be indicative of cross-linking sites (42) , potential targets were scored using T or G deletions as diagnostic mutations. The Orb dataset is highly biased for T > C substitutions (Fig. S3A) , whereas Orb2 shows a higher bias for T deletions (Fig. S3B) ; both datasets were used for analysis. Potential target genes were identified based on cross-linking sites overlapping the 3′ UTR regions of annotated A B genes. All methods led to largely overlapping results (82% and 79% of Orb and Orb2 targets were identified by both PARalyzer and NovoCLIP methods) (Fig. 2B) , although deletion analysis yielded fewer target sites because of the relative rarity of such events. Biological complexity (BC) is an established criterion used to filter CLIP datasets to minimize experimental noise (43) . Candidate targets were filtered by their reproducibility in at least three independent libraries (BC ≥ 3). We identified 3,128 targets for Orb and 2,154 for Orb2. Most targets were identified by both PARalyzer and NovoCLIP: 73% for Orb and 66% for Orb2 (Fig.  S3C) . In contrast, the single Orb2B RRM1&2* control library identified only 376 genes. The list of genes containing CPEB cross-linking sites in their 3′ UTRs and their reproducibility are provided in Fig. S3D and Dataset S1.
Orb and Orb2 Bind to Linear CPE Motifs. To resolve a long-standing question about the RNA-binding specificity of Orb2, we turned to de novo motif discovery using BioProspector (44) . The analysis of the Orb dataset returned a T-rich binding motif comprising four T nucleotides followed by A in the fifth position. This motif closely resembles the linear CPE sequence bound by the vertebrate Orb ortholog CPEB1 (21, 37) . In contrast, analysis of the Orb2 dataset revealed a T 4 motif that could not be resolved toward the 3′ end (Fig. 3A) . For comparison, nontarget 3′ UTR sequences are not enriched in CPE motifs (Fig. S4A) .
Because the 3′ variability in the CPE motif composition and length (45) (46) (47) (48) can obscure the de novo analysis, we searched both datasets for CPE variants containing either A or G in fifth position (Fig. 3B) and calculated enrichment over background 3′ UTR control. The analyzed groups of CPE motifs were indeed enriched in CLIP sequences for both proteins. A-containing motifs are consistently enriched in the Orb dataset, as expected from de novo analysis. In contrast, the Orb2 dataset showed overall enrichment for G-containing motifs. A more detailed comparison of individual motif types shows that the Orb dataset is enriched in CPE variants containing A in the fifth position [TTTT(A) [1] [2] [3] T], whereas the TTTTGT and TTTTAAAT motifs are the most enriched in the Orb2 dataset (Fig. 3C) ; this difference could explain the difficulty in resolving the fifth nucleotide in de novo analysis. Modification of this analysis using only nontarget 3′ UTRs as the background model supports the strong preference of Orb protein for A-containing CPE variants (Fig. S4 B and C) . Interestingly, in this case the Orb2 dataset enrichment of TTTTAAAT is much lower, whereas the TTTTGT sequence remains a predominant motif (Fig. S4 B and C) . In contrast, no clear de novo motif or enrichment of the CPE sequences was found for the Orb2B RRM1&2* control dataset (Fig. S4D) . A CPE-like motif also can be found in clusters derived from intronic binding (Fig. S4E) , especially for Orb, although introns were not enriched in the CLIP dataset ( Fig.  2A) . Additionally, because CPEB proteins are known to influence splicing in proximity to poly(A) signal sequences (49), we analyzed the average distance between CPEB-bound motifs and poly(A) signal sequences (Fig. S4F ). There is a small but significant difference in the average distance compared with the nontarget 3′ UTR background (13.8 for Orb and 14.9 for Orb2 compared with 17.3 and 16.8 for the control sets, Student t test, P < 0.001).
Taken together our results show that, although both CPEB proteins recognize CPE motifs, Orb has a clear preference for canonical TTTT(A) 1-3 T sequences. Orb2 appears to have a broader specificity that may include but not be restricted to motifs containing G in the fifth position. However, it must be mentioned that the results of the analysis of the Orb2 motif variant are influenced by the method used, and further biochemical studies will be needed to confirm the specificity shift between the paralogues and its functional significance.
To confirm that the CPE motif is indeed required for the Orb2-mediated translational control, we turned to a dual luciferase reporter assay. Orb2 was previously shown to repress the translation of a small number of targets, including its own 3′ UTR (26) . Indeed, expression of the firefly luciferase tethered to a long version of 3′UTR of Orb2 isoform H (RH) or short of Orb2 isoform A (RA), was repressed by Orb2 (RH: ratio 0.51 ± 0.01 SEM, RA: ratio 0.77 ± 0.03 SEM, Student t test, P < 0.001) (Fig. 4A) . RRM mutations (Orb2B RRM1*, 2*, and 1&2*) abolish the repression of target translation (Student t test, P = 0.16), but poly-Q or Znf alterations have no effect (Student t test, P < 0.001) (Fig. 4B) , as is consistent with the RNA UV cross-linking pattern (Fig. 1A) . We did not assess the effect of Orb mutations in this assay, because WT Orb caused a widespread, unspecific repression of all tested 3′ UTRs, perhaps caused by pleotropic effects or by a requirement for additional components lacking in S2 cells. Having established that Orb2-mediated translational repression depends on its RRM regions, we tested the role of the CPE motifs in the 3′ UTRs of potential targets using the same assay. To allow easier analysis, we chose two Orb2 targets with relatively short 3′ UTRs containing a small number CPEs in close proximity: aldolase isoform E (Ald-RE) and cathepsin B1 isoform A (CtsB1-RA). Both these 3′ UTRs confer repression on the luciferase reporter (Ald-RE 0.76 ± 0.02 SEM, and CtsB1-RA 0.78 ± 0.03 SEM). The mutation of CPE motifs in these 3′ UTRs abolished this effect (Ald-RE no CPE 0.97 ± 0.02 SEM, and CtsB1-RA SEM 0.94 ± 0.02), which is significantly different from that seen in WT 3′ UTR variants (Student t test, both P < 0.001) The bar plots illustrate the quantification of protein levels in WT and orb2-null fly head extracts (mean ± SD/SEM). Representative blot images are shown next to the plots. *P < 0.05; **P < 0.01; ***P < 0.001. (Fig. 4C) . These results show that the presence of CPE motifs in target 3′ UTRs is necessary for Orb2-mediated translational control. Moreover, mutating the single CPE motif in Ald-RE from TTTTAT to TTTTGT leads to equally potent translational suppression mediated by Orb2 (Fig. 4D) , indicating that Orb2 can bind both A-and G-containing CPE variants, at least under conditions of overexpression.
Orb2 Regulates the Translation of Its Targets in Vitro and in Vivo.
Having established that Orb2 regulates translation through a CPE motif, we narrowed the list of Orb2 targets to the most reproducible ones occurring in at least three independent libraries (BC ≥ 3) for which individual CLIP clusters overlap at least one CPE motif (CPE + ) (Dataset S1). The final list contained 1,637 3′ UTRs (76% of BC ≥ 3 primary targets and 9% of Drosophila genes). Similarly, 2,691 Orb targets overlapped a CPE element (86% of BC ≥ 3 primary targets and 15% of Drosophila genes). More than 94% of identified Orb2 targets and 98% of Orb targets are also expressed in fly head extracts, suggesting that these mRNAs could be targets in vivo. In comparison only 94 3′ UTRs of all the Orb2B RRM1&2* targets have a cluster overlapping a CPE motif, as is consistent with the lack of enrichment for the motif in the mutant library.
To test functionally whether Orb2 regulates the translation of the identified target genes, we assessed the translational repression of the luciferase reporter induced by a set of target 3′ UTRs in the S2 cell-based assay as described above. We tested a set of 222 3′ UTRs representing 152 Orb2 target genes from the stringent dataset (BC ≥ 3, CPE + ). Additionally, we tested 22 3′ UTRs of 21 genes classified as potential false positives: that is, genes with reproducibility of BC ≥ 3 but no CLIP cluster overlapping a CPE motif (BC ≥ 3, CPE − ), and seven negative controls (BC < 3), whose RNA is expressed in the untransfected S2 cells with RPKM > 10 (Dataset S2). Of all the Orb2 target 3′ UTRs tested, 92 3' UTRs (41.4%) of 69 genes (45.4%) were regulated (all but two were repressed), compared with only two 3′ UTRs in the predicted false-positive set and a single 3′ UTR in the negative control set (Fig. 4E ). In addition, we investigated the Orb2B regulated 3′UTRs for other 3′UTR features that might determine the regulation by Orb2. Although the 3′ UTRs regulated by Orb2 are longer on average and have higher CPE density (SI Analysis and Dataset S3), we failed to find any additional features that would predict whether a given CPE is active in Orb2-mediated translational repression (Fig. S5) .
To test whether mRNA targets regulated by Orb2 in the S2 cellbased assay are also regulated in vivo, we investigated the expression of four proteins encoded by Orb2 targets [aPKC, Calcium/calmodulin-dependent protein kinase II (CaMKII), Fragile X mental retardation (Fmr1), and Upstream of N-ras (Unr)] in fly head extracts. We compared the protein levels in WT and Orb2-null fly heads using quantitative Western blotting (Fig. 4F) . In all cases target protein levels are higher in heads of mutants lacking Orb2 suggesting that Orb2 acts as a translational repressor of these genes. The changes seen at the protein level are unlikely to be caused by Orb2's effect on RNA transcription or stability, because the global S2 cell mRNA levels do not change drastically upon Orb2 overexpression except for a small number (169) of genes. Only 13% of the genes that change mRNA levels in the presence of Orb2 (22 genes) are Orb2 CLIP targets (Fig. S6A and Dataset S4). Moreover, quantitative PCR (qPCR) for chosen target and nontarget 3′ UTRs does not show a significant change in mRNA levels that would be consistent with translational regulation (Fig. S6B ).
Orb2 Targets Regulate Cell and Tissue Polarity Genes and Play a Role in Courtship LTM. Orb2 has been best studied for its role in LTM formation and nervous system development, and some of its previously identified targets were suggested to contribute to these processes (12, 13, 19, 20, 26) . To determine what other biological processes may be regulated by Orb2 targets,we turned to Gene Ontology (GO) analysis (50) performed with the Database for Annotation, Visualization, and Integrated Discovery (DAVID) (51, 52) . Neurogenesis is one of the top-ranking GO terms associated with Orb2 CLIP targets, supporting Orb2's crucial role in this process (Fig. 5A) (12, 13, 20) . Moreover, Orb2-bound transcripts are generally associated with the development of epithelial tissues and germline, suggesting that Orb2 may regulate a wide array of tissue-patterning and polarization processes (Dataset S5). Biological processes associated with Orb targets are reminiscent of Orb2, a finding that is unsurprising given the high overlap of Orb and Orb2 mRNA targets (Fig. 5A) . The molecular function GO terms for the targets of both CPEB proteins shows a high involvement of protein kinases and small GTPases, suggesting regulation of signaling pathway components. The full list of significant terms for both proteins is provided in Dataset S5.
Because Orb2 is specifically required for LTM (12, 20, 32) , we were interested in testing whether any of its translationally regulated targets have a role in this process. To this end, we knocked down candidate genes in all postmitotic neurons using the UAS-RNAi/Gal4 system and tested these flies for LTM induced by courtship conditioning (12, 53, 54) . This form of memory is protein synthesis dependent (55) and requires an intact Orb2 RBD (20) ; thus the knockdown of relevant Orb2 RNA targets should impact LTM specifically. Of the 69 genes regulated by Orb2 in the luciferase reporter assay, seven are known to be involved in LTM [CaMKII, Fmr1, murashka (mura), pumilio (pum), spoonbill (spoon), signal-transducer and activator of transcription protein at 92E (Stat92E ), and staufen (stau)]. We knocked down the expression of the remaining 61 candidates for which RNAi lines were available (there was no line for nct) in all neurons. Fourteen targets were lethal upon knockdown, possibly because of their involvement in the nervous system development, and were not analyzed further. The remaining 47 targets were tested using the LTM courtship conditioning assay. The knockdown of 10 (21.3%) of these genes was associated with the courtship LTM defect (Fig. 5B ). This effect is specific to LTM and is not simply a developmental defect, because the function of these genes is required acutely for courtship LTM memory as assessed by conditional RNAi knockdown using the Gal80ts system (Fig. 5C) . For all genes, knockdown under restrictive temperature resulted in impaired courtship LTM, although residual memory [learning index (LI) >10] was seen with the knockdown of two genes, polypeptide GalNAc transferase 5 (pgant5) and metal response element-binding transcription factor-1 (MTF-1); this result requires further validation. Moreover, the impairment of courtship LTM is not caused by a failure of flies to learn, given that the short-term courtship memory (STM) remains unaffected (Fig.  5D) . Detailed statistical analysis of the behavioral assays can be found in Dataset S6.
Discussion
In this study we characterized transcriptome-wide RNA-binding profiles of the Drosophila CPEB proteins Orb and Orb2. We determined that both proteins use RRM motifs but not Znf or N-terminal regions to bind to the 3′ UTR of target mRNA. Consistent with previous reports, we established that the Orb protein binds to a canonical T-rich CPE sequence previously described as a binding motif of its rodent ortholog, CPEB1 (21), thus validating our approach. Interestingly, Orb2 also appears to bind CPE sequences, but with potentially broader binding specificity, including G-containing CPE sequences in addition to A-harboring motifs. Consequently, both Orb and Orb2 bind a highly overlapping (50%) but not identical set of mRNA targets that have products associated with a wide range of processes involving cell and tissue polarization. Finally, we determined that a subset of the Orb2 targets undergoes translational repression both in vitro and in vivo and that some of these genes are associated with defective LTM upon RNAi knockdown.
Previous studies have failed to identify the binding sequence of the CPEB2 subfamily of proteins unequivocally. A small number of Orb2 targets were found, but this limited set of data did not allow motif identification, likely because of high degeneration of the CPE sequence (26) . In a SELEX experiment rodent orthologs of Orb2, CPEB3, and CPEB4 proteins were shown to bind a stem-loop structure rather than a linear motif (22) ; however, we found no evidence for such a motif. Although SELEX is a good method for isolating high-affinity sequences, it does not always translate into in vivo targets. Similar problems may occur with the use of in vitro gelshift assays (26) . Interestingly, studies on the vertebrate CPEB4 in cell division support a CPE motif as a recognition sequence for this subfamily (23) (24) (25) . CPEB4 can substitute functionally for its paralogue CPEB1 as a translational activator during the progress of meiosis (23) and binds a largely overlapping set of RNA targets (24, 25) . Notably even though the canonical CPE motif was identified as a CPEB4-binding motif, its affinity for CPE motif was reduced compared with that of CPEB1 (24) ; this finding now is supported by the enrichment of distinct motif variants in the Orb and Orb2 datasets ( Fig. 3 and Fig. S4 ). Also in support of these findings, a previously identified Orb2 target Tequila (26) has been recently reported to require a G-containing but not the A-containing CPE motif for binding to Orb2 (34) . Our data supports a model in which CPEB paralogues display a preferential specificity for distinct CPE versions that must be confirmed by further biochemical studies.
Previous reports suggest that Znf contributes to RNA binding in both CPEB subfamilies (22, 26, 56) and that Orb2B Znf is necessary for its in vivo function (20) . In contrast, our study shows that Orb2 does not require this region for efficient RNA binding, but both RRM motifs are necessary. The discrepancy between these results may have been caused by the previous studies being performed on complexes formed in vitro, which can lead to unspecific interactions (26) , whereas CLIP allows the observation of complexes formed before cell lysis occurs. A recently solved protein structure of the CPEB1 Znf region suggests that it is a proteinprotein interaction domain involved in binding SUMOylated partners rather than RNA (25, 57) . Our findings support this conclusion for both CPEB subfamilies.
Given that both subfamilies bind a largely similar CPE sequence, the underlying cause of their nonredundant function in vivo is intriguing (20) . One explanation is that the small difference in specificity suggested by differential motif enrichment in CLIP datasets translates to a much bigger effect in vivo when CPEB proteins are present at physiological levels. Differences in affinity between the Drosophila CPEB proteins have been suggested previously (26) and are supported by our recent data (20) showing that RBD of Orb is not able to substitute for the Orb2 RBD. Moreover, differential posttranslational regulation of these proteins may alter their affinity, stability, and effects exerted on targeted transcripts, as is the case in vertebrate homologs (23) . Another likely cause of Orb and Orb2 functional nonredundancy might be their distinct expression patterns. Existing expression data suggest that the localization of Orb and Orb2 does not overlap substantially, and they may in fact down-regulate the expression of the respective paralogue (13, 19) . Indeed, both Orb and Orb2 are involved in LTM, albeit in distinct neuronal classes (12, 15) . A mechanism of acquiring functional divergence in which changes in protein expression patterns are faster than changes in target sequence specificity was suggested for DNA-binding proteins and constitutes a likely pattern in the evolution of nucleic acid-binding protein families (58) . A number of well-described translational regulators [including pum, stau, brain tumor (brat), Fmr1, and Unr] (59) are also Orb2 targets, suggesting complex feedback regulation of proteins involved in local protein translation control. Interestingly, four of these genes also have been found to be necessary for LTM in this or previous studies (15, 60, 61) . The annotation of Orb and Orb2 CLIP binding sites led to the identification of a high number of potential target genes reminiscent of the CLIP binding profiles of other RNA-binding proteins (29, 38) . However, these targets likely contain a significant number of false positives, and identifying true targets from CLIP datasets with high confidence remains a challenge (43) . Here, because of the combination of high biological reproducibility and CLIP cluster overlap to the identified motif, we were able to narrow the target list to ∼10% of the Drosophila transcriptome. Additionally, we compared the smaller set of Orb ovary targets investigated using RNA immunoprecipitation (RIP) (62) with our data and discovered 243 high-confidence genes that appear in both sets (SI Analysis and Dataset S1). It would be interesting to validate and characterize the downstream functions of these targets further.
Additional analysis of more than 200 candidate 3′ UTRs in a functional assay verified this approach. Including the measure of reproducibility and motif recognition substantially improved target identification, as shown using an in vitro assay for Orb2-mediated translational control. The actual positive rate in our assay was 45.4%, consistent with previous reports (26) . The overall positive rate might be higher, because our assay is based on the overexpression of both Orb2 and the reporter 3′ UTR in S2 cells; therefore, the degree of regulation obtained for some mRNAs might be low because of the requirement for additional components lacking in S2 cells. Importantly, the great majority of targets identified in S2 cells are also expressed in head extracts, suggesting that they are available for binding in vivo.
Orb2 plays a crucial role in the development and function of the nervous system (12, 13) . Consistently, neurogenesis is one of the top GO terms associated with Orb2's newly identified targets. A number of targets regulated by Orb2 (e.g., brat, pum, spoon, aPKC, CaMKII) are known to function in these processes (59) . Furthermore, known LTM genes are among the translationally regulated Orb2 targets, and a number of other genes were implicated in courtship LTM by RNAi knockdown. Further analysis will be required to confirm and mechanistically explain their function in LTM. Our work identifies a comprehensive list of potential mRNA targets regulated by Orb2, thus providing a framework for further study of the regulatory network linking translation and nervous system development and function.
Materials and Methods
CLIP experiments were performed on D. melanogaster S2 cells (Invitrogen) transfected with Orb or Orb2 constructs. Orb2 isoform A and B ORFs were cloned from cDNA libraries prepared from fly heads using the Gateway system (Life Technologies), and mutations were introduced by site-specific mutagenesis. The 3′ UTR sequences were amplified from genomic DNA. Incubation with photoactive nucleotide analogs, and UV cross-linking was done essentially as described previously (39) . Monoclonal α-myc Abs (9E10) were used for immunoprecipitation. Immunoprecipitation and library preparation were done essentially as in ref. 40 . UV cross-linking assessment of Orb2 variants was done following the PAR/iCLIP protocol. For CLIP data analysis, three methods were used: PARalyzer (41), a method developed inhouse (NovoCLIP), and scoring of deletions. For assessment of basal RNA expression levels, the two replicates were prepared from both Orb2B WT and nontransfected S2 cells and were analyzed as described (63) . Fly head RNA-Seq samples were prepared as described in ref. 64 . RNA-Seq and CLIP samples were sequenced using Illumina technology at the Campus Science Support Facilities (CSF) Next-Generation Sequencing (NGS) Unit (www.vbcf. ac.at). All sequencing data were submitted to the Gene Expression Omnibus (GEO) database under accession no. GSE59611. The luciferase reporter assay was performed as described (26) . Behavioral analysis was done as in ref. 54 . Primer sequences and detailed protocols can be found in SI Materials and Methods.
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